We report the development of a multiplex, single tube (TaqMan) PCR assay for the identification of three commercially important gadoid species, the cod ( Gadus morhua L.), the haddock ( Melanogrammus aeglefinus L.) and the whiting ( Merlangius merlangus L.). The assay unambiguously identifies known adult tissue samples, and ethanol-preserved eggs from all three species with greater than 98% accuracy, providing a powerful tool for the development of catch independent stock assessment methods, mapping of spawning sites and the detection of commercial fraud in the fishing and food production industries.
In the northeast Atlantic and surrounding areas the eggs of cod ( Gadus morhua ), haddock ( Melanogrammus aeglefinus ) and whiting ( Merlangius melangus ) are indistinguishable before the onset of embryonic pigmentation (Brander & Hurley 1992) . Consequently, the development of a reliable genetic test to differentiate between these three gadoids would greatly facilitate the identification of eggs, and the application of the egg production method for estimating stock abundance in these commercially important species (Armstrong et al . 2001 ).
Here we describe the development of multiplex realtime polymerase chain reaction (PCR) (TaqMan) assay, based on variation in a 103-bp region of the ATP synthase subunit six (ATPase6) and eight (ATPase8) genes of cod, haddock and whiting. Each of the three species-specific probes is labelled with a different fluorescent reporter dye, resulting in a single tube assay for the identification of these three gadoid species.
A total of 52 adult cod, 23 adult haddock and 22 adult whiting were collected from eight, four and three sites, respectively, in the north Atlantic and surrounding areas (Table 1) to assess geographical variation in the ATPase genes within species. All samples were caught by trawl on groundfish surveys between 1998 and 2000, and tissue samples preserved in 95% ethanol or dimethylsulphoxide (DMSO) (Seutin et al . 1991) . A further 42 cod, 56 haddock and 55 whiting were caught from as many areas as possible, and used for validation of the TaqMan primers and probes (Table 1) .
DNA was extracted using the CTAB method (Hillis et al . 1996) . ATPase 6 and ATPase 8 genes were amplified as a single amplicon using primers 8.2_L8331 and CO3.2_H9236 (Table 2 ). Fifty µ L reactions containing 5 µ L dNTPs (2 m m stock), 5 µ L 10 × reaction buffer (Bioline), 2 µ L MgCl 2 (50 m m stock), 2 µ L of each primer (10 µ m stock), 0.125 µ L of Taq DNA polymerase (Bioline), ∼ 100 ng of template DNA and 32.6 µ L of H 2 O (Sigma). PCRs were run on an MJ Research PTC 200 thermal cycler under the following conditions: 1 cycle of 3 min at 94 ° C, 30 cycles of 1 min at 94 ° C, 1 min 30 s at 58 ° C and 1 min 30 s at 72 ° C. PCR products purified and then sequenced in both directions, using the Big-Dye sequencing kit (Applied Biosystems). Sequencing reactions were resolved on an ABI 377 sequencer (Applied Biosystems), and ABI traces were analysed using Lasergene software (DNA Star Inc.) from which consensus sequences were constructed for each species (GenBank accession nos AY091663, AY091664 and AY091665).
Universal primers, GAD-F and GAD R, were designed to amplify a 103-bp region of the ATPase gene using the Primer Express 1.0 software package (Applied Biosystems). TaqMan MGB (minor groove binding) probes were designed for a target region that encompassed five variable sites between the three species. The 5 ′ ends of probes were labelled with one of three fluorescent dyes, and the 3 ′ ends of all probes were labelled with a nonfluorescent quencher ( Table 2) .
TaqMan assays were run on 99 adult cod, 79 adult haddock and 77 adult whiting samples (Table 1) , on an Applied Biosystems 7700 real-time sequence detection system. Twenty-five µ L volume reactions were run in Optical 96-well reaction plates using Optical Adhesive Covers (Applied Biosystems). Each reaction contained 200 n m of each probe, 300 n m of the GAD-F and GAD-R primers, 12.5 µ L of TaqMan Universal PCR Master Mix (UNG + ROX passive reference) (Applied Biosystems) and ∼ 50 ng of DNA, and 4.9 µ L tissue culture H 2 O (Sigma).
Plates were run under real-time conditions on three dye layers with eight 'no template controls' (NTCs) per 96-well plate. The assay was run using the default cycling conditions.
Post-PCR, the results were analysed using the Sequence Detection Software version 1.71 (Applied Biosystems). The ∆ R n values for each cycle and dye layer were then exported to MS Excel and processed further manually. First, the mean and standard deviation of the endpoint (PCR cycle 40) ∆ R n values of the NTCs were calculated for each dye layer. z*M-values (z*M = M + (3.89 × SD) + C) were then calculated where M = mean of the NTC ∆ R n , SD is the standard deviation of the NTC ∆ R n and 3.89 is the one tailed Z -value for the 99.999% confidence interval, C is a constant (0.3) which we have introduced to overcome the slight increase in fluorescence of samples above the NTC fluorescence, due to spectral bleeding between dye layers. Samples which had ∆ R n values larger than the value of z*M from the above equation were deemed to have a fluorescence significantly greater than the NTCs, and were considered to be positive reactions.
Of the 99 adult cod samples assayed, 97 resulted in positive reactions in the FAM dye layer, with no positive reactions in either the TET or VIC dye layers. Two samples were negative in all three dye layers, indicating failed DNA extractions. The assay results in an identification accuracy of 100% for cod, with a 0% incidence of misidentification.
Of the 79 haddock samples assayed, 79 resulted in positive reactions in the TET dye layer, with a single positive reaction in the FAM (cod) dye layer. The assay results in an identification accuracy of 98.7% for haddock, with a 1.3% incidence of ambiguous identification. Of the 77 whiting samples assayed, 74 resulted in positive reactions in the VIC dye layer, with three samples negative in all three dye layers, indicating failed DNA extractions, and a single sample positive in both the VIC and the TET dye layers. The assay results in an identification accuracy of 98.7% for whiting, with a 1.3% incidence of ambiguous identification.
The multiplex TaqMan PCR assay is a rapid and specific method for the identification of cod, haddock and whiting DNA. The assay correctly identified samples of all three species from all eight areas for cod, eight for haddock and five for whiting with 100%, 98.7% and 98.7% accuracy, respectively.
